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Abstract. The paper discusses the correlation between the
heating of shallow groundwater over a 10 × 20km wide area
close to the town of Nizza Monferrato (Piemonte Region,
Northern Italy) and the concomitant local seismic sequences
during the period August 2000 – July 2001. The ﬁrst seis-
mic sequence started on 21 August 2000 with a Ml = 5.2
earthquake. Within few hours, the local authorities received
calls alerting that the groundwater temperature rose from 10
to 30◦C in many shallow wells. Our geochemical experi-
mental data and the geological-seismotectonic framework do
not allow the hypothesis of simple ﬂuid mixing between the
thermal reservoir of Acqui Terme and the Nizza-Monferrato
shallow groundwater to explain the observed thermal anoma-
lies. On the other hand, we invoke more complex processes
such as frictional heating, mechano-chemistry, fault-valve
mechanism, adiabatic decompression and hydrogeologically
driven heat ﬂow i.e., thermal effects due to variations of
basin-scale permeability ﬁeld. All these processes are able
to transmit heat to the surface and to generate a transient in-
cremental heat ﬂow better than the mass transfer occurring
typically when ﬂuids from different reservoirs mix.
1 Introduction
In the last two decades major research on ﬂuid geochem-
istry applied to seismotectonics have been focussed to the so-
called “earthquake prediction research”. This research iden-
tiﬁed a lot of precursory phenomena, constrained by several
and widespread experimental observations as well as time
series. Despite the huge work done on this ﬁeld, the debate
about earthquake prediction reliability is still open (Geller,
1997; Geller et al., 1997; Sornette, 1999; Wyss, 1997;
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Bernard, 2001), mostly as a consequence of the wrong con-
ceptual approach used up to date and of the Self-Organised
Critical (SOC) models (Bak and Tang, 1989; Geller et al.,
1997). In any case, new experimental data and geochemical
monitoring networks have to be strongly improved and vali-
dated (Quattrocchi et al., 2000 b; Zanzari et al., 2001; Galli
et al., 2002), stressing the importance of a detailed knowl-
edge of the “speciﬁc transients behaviour” of each stud-
ied area. Geochemical and geophysical networks should be
exploited collectively by a multidisciplinary task-force that
would be responsible for selecting seismogenic segments al-
ready recognised by paleo-seismological and seismic haz-
ards studies (Gurrieri et al., 1984; EC projects Geochemi-
cal Seismic Zonation, Corinth Rift Laboratory 1996–2002;
Quattrocchi et al., 1999; Quattrocchi, 1999; Salvi et al.,
2000; Favara et al., 2001a, b). Only recently the importance
to study the stress-strain and the associated pore-pressure
cycles has grown enough (Sibson, 1992; Hickman et al.,
1995; Teisserye and Majewski, 2001; Ingebritsen and San-
ford, 1998). It contributed to shift the attention from “earth-
quake precursors” to “crustal-ﬂuids transients” (Quattroc-
chi, 1999; Bernard, 2001). Following this approach, all the
earthquake-related observed processes are analysed in a new,
broader perspective of “transient” phenomena. In particular,
“ﬂuid transients” (geochemical and hydrological) have been
frequently reported and possibly revisited (Thomas, 1988;
Roeloffs, 1988; Ben-Zion et al., 1990; Igarashi et al., 1995;
Toutain and Baubron, 1999).
In this paper we describe other transient phenomena be-
sides those described by Bernard (2001) proposing intrigu-
ing “heat ﬂow and mechano-chemical transients” (Smith and
Chapman, 1983; Brune et al., 1969; Sornette, 2001; In-
gebritsen and Hayba, 1994; Ingebritsen and Sanford, 1998;
Teisseyre and Majewsky, 2001; Beardmore and Cull, 2001).
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Fig. 1. (a) INGV recorded seismicity in the last two decades (red circles). Focal mechanism reworked by the INGV Mednet network
(unpuplished). Blue star indicates the epicentre of the 21 August 2000 earthquake. AGIP-ENI oil wells in the area surrounding the epicentral
area are shown too. Yellow square indicates the area affected by thermal anomalies in the shallow aquifers corresponding to (b), where the
affected localities are reported as red circles and the INGV sampling sites as blue stars.
transient” associated to natural seismicity in the Tertiary
PiemonteBasin(hereafter “TPB”, Piemonte, NorthernItaly),
and we try to explain the observed phenomena, considering
the seismotectonic framework too.
2 The heating of groundwater in the occasion of the
Nizza-Monferrato seismic sequence
Starting from the ﬁrst hours after the 21 August 2000 earth-
quake (Ml = 5.2, Fig. 1a) recorded at 19:14LT in the vicin-
ity of the town of Nizza Monferrato (lat. 44.80◦ N, long.
8.39◦ E),callswerereceivedbythepublicauthoritiesalerting
that the groundwater temperature rose approximately from
10◦C to 30◦C in many shallow wells throughout the epicen-
tral area (Fig. 1b, red circles sites). The maximum tempera-
ture increase was recorded near the village of Incisa Scapac-
cino. The alignment of the anomalous temperature sites was
found to strike generally NNE-SSW. The temperature in-
crease warnings came from a wide area and continued for the
duration of the seismic sequence, which was discontinuous
and terminated with a moderate magnitudo event (Ml = 4.6)
on July 2001. At the time of writing (May 2002) some wells
remained anomalously warm. In certain localities both seis-
mic events were felt and rumbles were heard by the popula-
tion still today (as on 24 May 2002). Geochemical surveys
were conducted in successive stages starting in November,
2000, whilethewatertemperatureweremeasuredatintervals
by the Piemonte Region authorities (unpublished internal re-
port). Unfortunately, continuous monitoring stations able to
record water temperature and geochemical-hydrogeological
parameters are still lacking in the study area.
To the South of the area affected by the August 2000 main
shock a thermal reservoir is present at a depth of approxi-
mately 3 to 5km. The main spring is called Acqui Terme-
Bollente, and its temperature has been as high as 70◦C in
the past century (current average temperature 58◦C). This
spring has recently been studied by Marini et al. (2000), and
previously by Dominco et al. (1980) and by Bortolami et
al. (1982, 1983, 1984). Therefore, the early and simplest hy-
pothesis was that shallow cold groundwater become hot on
the occurrence of the earthquakes, simply as a consequence
of a mixing with the hot reservoir ﬂuids of Acqui Terme due
to fractures and permeability ﬁeld modiﬁcations on regional
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Fig. 2. (a) Kinematic study of the Tertiary Piemonte Basin (TPB), with the arrows indicating the hypothesises direction of movement. The
arrows with double head indicate the uncertainty in the main translation direction. The points where the arrows start indicated the location of
the outcrops studied by Hoogerduijn et al. (1991). SVR= Sestri-Voltaggio Zone; VVL=Villavernia-Varzi Line; M–N = translation direction
hypothesized in the Miocenic Flysch deposits of the Marittime Alps. The arrows indicate the location of the proﬁle shown in (b) being
reconstructed after Cassano et al. 1986 (modiﬁed from Hoogerduijn et al., 1991).
discussed below, the geochemical experimental data seem to
exclude this explanation.
3 The 2000–2001 Nizza Monferrato seismic sequence in
the TPB seismotectonic and geological framework
The seismic sequence of August 2000 (Mmax = 5.2) and
July 2001 (Mmax = 4.6) occurred within the TPB (Figs. 1
and 2) where the thickness of Tertiary sediments was inferred
to be around 3–4km, with maximum values in the Asti-
Alessandria depo-center as highlighted by the AGIP reﬂec-
tion seismic surveys (Biella et al., 1987; Miletto and Polino,
1992). The ﬁrst seismic sequence was characterised by 13
foreshocksatshallowdepthandaround60aftershocks, while
the July 2001 sequence was characterised by approximately
20 events. Two different seismogenic structures have been
inferred by Massa et al. (2002), one shallow (0–3km) and
one deep (14–16km). The focal mechanisms of the above
mentioned August, 2000 Nizza Monferrato main shock may
be associated to a N50E strike-slip movement (Massa et
al., 2002), quite different from the INGV preliminary result
(Mednet INGV Network, unpublished data, Fig. 1). In the
past, thisareawascharacterisedbyaneffectivelackofhistor-
ical events and by an almost total seismic quiescence (1369
MCS VII event and 1952 MCS VII event, see INGV Cata-
log). Moderate magnitude event occurred in 1982 became
10km to the west of the area of recent activity (Cattaneo et
al., 1997).
While searching for the possible seismogenic structure,
we considered the geophysical integrated analysis of Cas-
sano et al. (1986) and of Miletto and Polino (1992). They
stress the buried Villavernia-Varzi Line (hereafter “VVL”,
after Cassinis, 1986; Gelati et al., 1977, see Fig. 2). The
minima Bouguer gravity anomaly values and the magnetic
anomalies of Monferrato-Asti are associated with an impor-
tant deﬂection of the Moho and with an abrupt deepening of
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der the Westward continuation of the VVL feature (Losecke
and Scheelke, 1978; Gunther and Reutter, 1978; Armando
et al., 1984; Arca and Beretta, 1985). At surface, the West-
ern Monferrato area is characterised by N-S trending thrust
faults affecting the Middle Miocene clays at multiple locali-
ties. Reﬂection seismic and gravimetric data would indicate
that NW-SE trending vertical faults located in the Eastern
Monferrato sector of TPB are connected at depth to a SW
dipping detachment plane, rooted in the vicinity of Asti (Cas-
sano et al., 1986). In essence, this complex area is located at
the boundary between Alps and Apennines (Elter and Per-
tusati, 1973; Cassinis et al., 1986; Laubscher, 1988; Miletto
and Polino, 1992; Bozzo et al., 1992) and it is not easy to es-
tablish genetic links between the known deep structures and
the 2000–2001 seismic sequence sources.
From an hydrogeological point of view the TPB sedi-
mentary succession is essentially impermeable. The re-
gional shallow stratigraphic series (0–3km depth) com-
prises at its base the Serravalle Sandstones, the Molare
Conglomerates, and, of particular interest in the epicentral
area, the Gessoso-Solﬁfera Formation (Gypsum-Anhydrite
strata, Sturiani, 1975) followed upwards by the Cassano
Spinola Conglomerates, by the Lugugnano Clays and by
the Asti Sands. The deepest reservoir is represented by the
Triassic- Jurassic limestones and dolomites, hosting the Na-
Cl-type hot reservoir of Acqui Terme described by Marini
et al. (2000), but it does not crop out in the epicentre area.
Several elements (Marini et al., 2000) suggest the presence
of hydrocarbons or hydrocarbon source rock at depth under
the discontinuous hydrogeological bodies near the surface,
where the shallow wells, which become warm during seis-
mic activity are located.
4 Methods
Seismic data have been gathered by the INGV seismic mon-
itoring network, working in connection with the Genoa Uni-
versity local seismic network (Massa et al., 2002). Guided
by local authority information, we sampled 26 groundwater
sites, selecting wells affected by the temperature anomaly,
some nearby wells for comparison and all the thermal and
mineral springs inside this sector of the TPB, even if they
were located relatively far from the thermal anomalies (Ac-
qui Terme and Agliano Terme sites). We measured in the
ﬁeld temperature, pH, redox potential, electrical conductiv-
ity, alkalinity and 222Rn dissolved in groundwater (Mancini
et al., 2000). Ionic chromatography (DIONEX Mod. 500
DX) was used to analyse Ca, Mg, Na, K, Li, SO4, Cl, F, NH4,
NO3, while an ICP-MS Perkin Elmer Mod. 610 was used for
B, SiO2, Fe, Mn, As, Br, Sr, Sb, Hg (ENEA lab. AMB TEIN
CHIM).Ninesampleswereselectedespeciallyforδ13Canal-
yses (McCrea, 1950). Moreover, dissolved gases were anal-
ysed by gas chromatography and by He mass-spectrometer
(Capasso and Inguaggiato, 1998).
(a)
(b)
Fig. 3. (a) The Ludwig-Langelier diagram and (b) anions triangular
diagram of the sampled waters. For the lines see the text.
5 Results
5.1 Water rock interaction processes throughout the Nizza-
Monferrato-Acqui Terme sector of TPB
The Ludwig-Langelier diagram an the main anions triangu-
lar diagram (Figs. 3a and b) show different groundwater fam-
ilies. In particular we focus our attention to the chemistry of
groundwater affected by the thermal anomalies (MFR 1, 8
and 17, MFR 4, 4-X, 4-A, 4-B, 4-C, 4-D, 4-E, 4-F, 9, 16).
Samples MFR 4, 4X-F, MFR 9 and 16 are those affected
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30◦C, returning to normal temperature values approximately
4 months after the main shock These samples are not located
along a mixing line (red line in Figs. 3a and b) toward the
Acqui Terme hot spring chemistry (Na-Cl-SO4, T = 70.2◦C,
Cond. El. = 4.00mS/cm), as expected by the ﬁrst hypoth-
esis, but they are shifted towards the sulphate earth-alkaline
chemistry (green line also in Figs. 3a and b) which is typical
of the groundwater leaching the Gessoso-Solﬁfera Formation
(MFR 2, 2-X and mostly the MFR 0-7, Bellante S. Nicolao
Well, 5 ppm of H2S in solution). Furthermore, the almost
constant salinity values observed in these waters, rule out the
hypothesis of contribution of the Acqui Terme reservoir in
the warmed waters. On the other hand, groundwater that did
not change temperature (MFR 3, 5, 6, 10, 19, 20 and 20 bis,
with temperature ≤16◦C) continued to remain typically bi-
carbonate earth-alkaline. Besides the Acqui Terme spring,
the Agliano Terme site is another possible “end-member” in
the area, being a strongly mineralised cold spring (13.6◦C,
12.91mS/cm), probably representing the expression at sur-
face of a prolonged leaching of the Asti Sands formation in
presence of Messinian evaporites (>15ppm of H2S result-
ing from the reduction of SO4, as explained in Quattrocchi
et al., 2000 a). Differently, the MFR 13 Salto Valley arte-
sian gas-rich well (main features: 12.5◦C, low water ﬂow
rate, presence of CH4 up to 86% v/v and 23 cc/l as dissolved
phase, NH4-rich) is probably linked to clay sediments rich in
organic matter at shallow depth.
The δ13CTDIC composition is almost uniform throughout
the area, ranging between the typical composition for lime-
stones (−3‰ ÷ +3‰) and the biogenic origin (< −20‰),
falling mostly in the organic range. The Acqui Terme site ex-
hibits the most negative values (- 20) compatible with an or-
ganic composition of carbon, as hypothesised also by Marini
et al. (2000). The Salto Valley emulsion exhibits a C iso-
topic composition (−3.9‰), anomalous within the analysed
population, and seems to be pertinent to the deep limestone
dominia.
Minor and trace elements analyses conﬁrmed the hypothe-
ses suggested by the main elements chemistry: B is en-
riched in the groundwater leaching the deep reservoir (Ac-
qui Terme) and the Messinian evaporites. Br derives mainly
from leaching of marine sandstones. While Sr can be related
to the interaction with the Gessoso-Solﬁfera Formation. Flu-
orine is enriched in the samples that come in contact with
organic matter (MFR 11, 12 and 13). The heated ground-
water are not enriched in B, Li SiO2 Sr and Br, conﬁrming
again the lack of the hypothesised mixing with regional hot
waters. Also 222Rn was found very low, conﬁrming the ab-
sence of a ﬂuids convection regime in the epicentral area as
a whole (Quattrocchi et al., 1999). The lack of CO2 input
in groundwater, conﬁrmed also by the dissolved gases anal-
yses, is in agreement with the very low levels of 222Rn in
groundwater and can be explained also by the presence of
abundant CO2 capturing Ca-Mg silicates in the rocks under-
lying the area (ophiolites and ophiolites-derived, Goff et al.,
1998). The N2 and CO2 contents dissolved in the waters
are only slightly above the Air Saturated Water conditions.
Fig. 4. Temporal trends of groundwater temperature and SO4 at the
Mandelli Well (Incisa Scapaccina), the most warmed groundwater
in this study, in concomitance of the seismic sequence of August
2000.
The dissolved gases analyses pointed out the presence of two
main groups: the ﬁrst one where CO2 is the prevalent phase
(MFR 5, 6, 8, 9, 10) and the second one where N2 is preva-
lent (MFR 7, 11, 12, 13), with variable CH4-enrichments.
The ﬁrst group includes hot and cold waters with a calcium-
bicarbonate chemistry. The highest CO2 content was found
in the warmed shallow groundwater. Anyway, here the CO2-
CH4 anomaly is really slight.
By using the Phreeqc software we calculated the satura-
tionindexesofsomemainmineralphasesforallthecollected
samples. As expected, the warmed groundwater reached the
over-saturation with respect the pure carbonate phases, while
only the Acqui Terme sample is over-saturated with respect
to the Fluorite. The Factor Analysis, performed on 17 rep-
resentative samples and 30 variables, summarises the main
water-rock interaction processes in the area, clustering in the
main factor the parameters of both the leaching of Messinian
evaporites (SO4, Ca, Mg) and of the marine sediments (Na,
Cl). On the other hand, a second factor clusters the parame-
ters linked to the organic matter (F, B and NH4) represented
mainly by the Salto Valley MFR 13 sample. The third fac-
tor isolates the temperature with alkaline pH as well as B,
Li, SiO2 and As being elements mobilised in hydrothermal
conditions.
5.2 Temporal trend during the main seismic sequence
Evenifthegeochemicaltimeseriesareveryscarcecompared
to the macroscopic widespread information about the anoma-
lous temperatures, it is possible to analyse the available long-
term time-series of the warmest groundwater (Mandelli Well,
10m deep, MFR 4, 4X-F and MFR 9 and 16, Fig. 4). It274 F. Quattrocchi et al.: Thermal anomalies and ﬂuid geochemistry framework
is worthy of note that the temperature decrease was simul-
taneous to a slight increase of the sulphate component. It
seems that the shallow aquifer was progressively affected by
a rising Ca-SO4 component, after the heat source dissipa-
tion suggesting a link between the temperature variation and
the Gypsum-Anhydrite phases transition equilibrium. Any-
way, the available data are scarce and a future monitoring is
strongly required.
6 Discussion and conclusions
The following main factors are considered important:
1. the alignment of the anomalous sites is mainly NNE-
SSW, more or less corresponding to a well-known re-
gionalfaultsystemwhichcouldbecorrelatedtothepos-
sible focal mechanism of Massa et al. (2002);
2. the thermal anomalies affected very shallow and small
waterbodies(abletobewarmedsuddenly)andtheover-
all permeability of the shallow series is low;
3. the warmed waters exhibited only slight differences
with respect to the nearby heat-unaffected waters and
the observed geochemical variations were found very
slight compared to the temperature changes as a whole
(up to 30◦C). A slight input of dissolved gases in the
warmed water, consisting mostly of CO2 and CH4 was
observed too;
4. the new experimental geochemical data seem to exclude
a mixing with the Acqui Terme reservoir in concomi-
tance of the seismic events;
5. the temperature variation is inversely correlated with a
slight SO4 input at the main warmed well, suggesting a
link between the Gypsum-Anyhdrite phases-transition
equilibrium and the observed temperature variation.
All these experimental evidences are strongly important for
the ﬁnal comprehension of the observed phenomena. On the
other hand, the following geological and seismo-tectonical
considerations are also particularly important:
6. an almost strike-slip shallow earthquake occurred after
a very long period of quiescence and the basement is af-
fected by very complex thrusts and strike-slip transverse
near-vertical faults;
7. the Gessoso-Solﬁfera Formation could be site of fast
exothermic reactions or phase transitions also linked to
stress variations (i.e. mechano-chemistry process, Sor-
nette, 2001).
We are strongly convinced that the widespread thermal
anomalies are strictly connected with the recorded seismic-
ity. We hypothesise, considering the above constraining evi-
dences, that the thermal variations observed in the small and
shallow water bodies are linked to:
– a conductive heat input rather than a mass transfer in
the vicinity of the activated fault, due to frictional heat-
ing processes (Scholz et al., 1979; Barton and England,
1979; Scholz, 1980; Lachenbruch and Sass, 1980; Sib-
son et al., 1980, 1982a, b; Molgard and England, 1990;
Teisseyre and Majewski, 2001), lacking the conditions
of the heat ﬂow paradox (Brune et al., 1969; Lachen-
bruch, 1970, 1980; Henyey and Wasserburg, 1971;
Lachenbruch and Sass, 1980; Lachenbruch et al., 1994;
Hickman et al., 1995), as a consequence of the presence
in the Monferrato area of quiescent, shallow and verti-
cal strike-slip faults. The main relation we recalled is:
Qf = d × u × σf (from Beardmore and Cull, 2001),
where d is the distance top-bottom of the fault (around
1km for the Nizza Monferrato Ml = 5.2 earthquake), u
is the slip velocity along the fault σf is the stress along
the fault (Molnar and England, 1990). The structural
conditions and the peculiar source of the seismic se-
quence could be sound to generate frictional heat ﬂux
Qf at surface.
– Episodic exothermic reactions and phase transforma-
tions linked to the earthquake preparation processes as
well as to the coseismic stress-drop are recalling the
mechano-chemistry mechanism (Gilman, 1995, 1996;
Sornette, 2001). In the case of the Monferrato area we
hypothesise that these reactions occurred in the shal-
low strata, mostly inside of the Gessoso-Solﬁfera For-
mation, the Lucugnano Clays and within underlying,
hyrocarbons-rich sedimentary bodies. This process de-
veloped a certain Qm (Sornette, 2001). We are recalling
the hydratation-dehydratation reaction of the Ca-SO4
phases (Mac Donald, 1953; Heard and Rubey, 1966;
Quattrocchi et al., 1999). The main exothermic reac-
tion is: CaSO4 · H2O = CaSO4 + H2O (1Hr = 4 ×10−3
cal). Another possible reaction is the phase transforma-
tion Andalusite → Kyanite (Al2SiO5 phases, with heat
development of 6.12kJKg−1).
– Thermal effects (1Qf) due to hydrogeologically driven
heat ﬂow on a basin scale (Smith and Chapman, 1983),
as a consequence of modiﬁcations in the permeability
and stress ﬁelds during the ongoing seismic sequence,
may be co-responsible of the anomaly.
– Adiabatic-isoenthalpic decompression at depth affect-
ing also the surface: this process could be triggered by
the stress-drop and by the shock-wave in the vicinity, re-
sulting in a heating of geologic ﬂuids (Ramsber, 1971;
Waldbaum, 1971; Wood and Spera, 1984). The main
parameter governing this process – the Joule-Thompson
coefﬁcient – is negative (heating the ﬂuids, +1Qad)
mostly for salty solutions (as found in the Salto Valley
shallow aquifer) and for high bulk frictional coefﬁcient
(Cf), namely throughout impervious sediments.
– An episodic vapour input, accompanied by an input of
volatile elements (including the observed CH4), as aF. Quattrocchi et al.: Thermal anomalies and ﬂuid geochemistry framework 275
consequence of a fast fault-valve mechanism episode
(Sibsonetal., 1975; NurandWalder, 1992; Quattrocchi,
1999; Brown, 2000). It is the process less constrained
by our data and by the geologic framework.
Numerical modelling and more experimental data at detailed
scale may conﬁrm the inferred hypotheses.
Either the frictional heating, or the earthquake thermody-
namics and mechano-chemistry processes are very intriguing
to study crustal ﬂuids transients and possibly earthquake pre-
cursors. They introduce an extremely interesting topic, open-
ing a sound ﬁeld of research of ﬂuid geochemistry applied to
seismotectonics.
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